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Abstract 
 
Raman and Surface Enhanced Raman Spectroscopy for the Forensic Analysis 
of Illicit Substances and Art Objects 
 
 
 Raman spectroscopy is an effective tool for detecting trace amounts of material by 
fingerprint-like vibrational spectra. At times, the weak intensity of Raman scattering can make it 
difficult to distinguish trace materials. This shortcoming is addressed by surface‐enhanced 
Raman spectroscopy (SERS), which produces strong signal enhancements when target 
compounds are near metal nanoparticles. For the first part of this thesis, the identification of 
fentanyl and carfentanil, main culprits in the opioid epidemic, was done using normal Raman and 
the SERS spectroscopy. As an aid in the assignment of the spectral lines, a computational model 
was built using Density Functional Theory (DFT). The enhancement factor (EF) obtained in this 
experiment is ≥ 1.6 x 105. The use of a paper-based substrate impregnated with silver 
nanoparticles for the detection of trace quantities of fentanyl alone, and as an adulterant in heroin 
and cocaine, was investigated. In addition, intensity ratios of diagnostic peaks associated with 
each substance were fitted to a Langmuir isotherm calibration model and used for quantitative 
analysis of fentanyl in heroin mixtures. Linearity was observed at  < 6% fentanyl, a significant 
finding that is consistent with concentrations found in drugs seized during law enforcement 
efforts. For trace quantities of fentanyl in cocaine, where it identified at a lower limit of 500 
ng/mL in mixtures. Linear relationships were established between intensity and concentration for 
diagnostic peaks associated with fentanyl  and cocaine. For the second part of this thesis, the 
applicability of normal Raman and SERS are presented in the context of a museum setting. The 
applicability of confocal and portable Raman is presented through the identification of : red 
pigments found in El Anatsui’s Bleeding Takari II; identification of the gouaches used by Henri 
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1.1 Raman and Surface Enhanced Raman (SERS) Spectroscopies 
 1.1.1 Theory  
When matter is impinged upon by light, a small fraction of the incident radiation 
is scattered, while the remaining radiation is then reflected, absorbed or transmitted by 
the sample. The light source induces a momentary dipole moment (µ) characterized by  
µ = αE 
where (α) is a measure of molecular polarizability and (E) represents the electric field 
strength. As a result, photon scattering takes place either elastically, known as Rayleigh 
scattering, or in-elastically, known as Raman scattering.[1] Both these phenomena 
necessitate the immediate extinction of one incoming photon of light by matter and the 
instantaneous emission of a second photon. In elastic scattering, the incoming photon 
causes an emitted photon of the equal energy, unlike inelastic scattering, where incoming 
photons generate ones of having more or less of the incident energy.[1] 
The lowest energy levels represent the ground electronic state vibrational modes 
associated with diatomic molecules and the upper grouping of lines represents the excited 
electronic state vibrational modes of those molecules.[1] A powerful beam of energy (hν0) 
can excite a molecule into a momentary virtual state. Modern Raman instruments utilize 
various lasers in the visible,  near-infrared, or ultraviolet  ranges to promote high energy 
scattering and enough polarization of the molecule. This state is characterized as “virtual” 
because it does not correspond to a well-defined electronic state, and its volatility leads to 
an instantaneous emission of a photon. Most of the emitted photons are scattered 
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elastically; nonetheless, a small amount of the oscillating dipoles resulting from 
molecular polarizability release photons of either higher or lower energy.[1] Stokes 
Raman scattering occurs at lower energy (hν0 - hν1), and Anti-Stokes Raman (hν0 + hν1) 
occurs at higher energy. It has long been recognized that when the excitation laser is 
chosen at a molecular resonance, the Raman intensity is increased by some orders of 
magnitude, but at the expense of the Raman signature due to changing selection rules. 
According to the fundamentals of Boltzmann distribution, most of molecules exist in the 
lowest vibrational state at room temperature, while a small fraction occupies higher 
vibrational states of the same ground electronic state. Consequently, the number of 
vibrationally excited molecules giving rise to anti-Stokes scattering is small under 
standard conditions.[1] 
Normal Raman spectroscopy is quite weak, since it is carried out at an excitation 
wavelength far from any optical resonance of the molecular system. Surface Enhanced 
Raman Spectroscopy (SERS) produces large signal enhancements when target 
compounds are near metal nanoparticles and can be attenuated to various resonances in 
the molecule-substrate system. Following the discovery of SERS, two major theories 
aimed to explain the significant enhancement observed by Fleischmann, Hendra and 
McQuillan in 1974 [2] on chemically roughened silver electrodes. The effects of both 
theories can be addressed using the expression for an induced dipole moment, µ=αE, and 
it must be noted that the following theories were elucidated for metal surfaces. 
Jeanmaire and Van Duyne [3] suggested an electromagnetic theory that applies 
exclusively to physisorbed substance on the surface of a metal surface, which requires an 
enrichment of E. In this view, the enhancement results from an augmentation of the local 
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electromagnetic field at the surface of a metal by the incident field and is greatest when 
matched to the metal’s oscillation frequency of free electron density at the surface, 
known as surface plasmon resonance. The surface roughness is of importance to this 
view, as it promotes the occurrence of localized-collective oscillations when the 
adsorbate lies perpendicular to the metal surface, the optimal orientation for maximum 
polarization. This view highlights the importance of substrate morphology in relation to 
the enhancement mechanism as well as to the symmetry considerations that determine 
spectroscopic selection rules. 
Alternatively, Albrecht and Creighton[4] suggested a chemical theory that 
identified a charge- transfer effect resulting from bond formation that applies to 
chemisorbed species on a metal surface, which can increase α. HOMO to LUMO 
transitions in many molecules require high energy sources that fall far from the visible 
range output of most laser sources. However, when those energy level of the adsorbate 
fall with proximity to the Fermi level of the metal surface, a charge-transfer mechanism 
through the metal’s conduction band continuum facilitates the electronic transition. The 
largest enhancements obtained for charge-transfer transitions terminating at the Fermi 
level of the metal experimentally support this view. 
Recently, Lombardi and Birke [5,6] suggested a unified approach that combines 
both electromagnetic and chemical effects into a single expression. Utilizing Albrecht’s 
notation for a second order polarizability tensor (ασρ) in all directions, the following 
expression was derived: 
ασρ = A + B + C 
the A-term involves Franck-Condon selection rules and predicts the enhancement of 
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totally symmetric vibrational modes, and the B- and/or C-terms explain the forbidden 
transitions that are observed in normal and resonant Raman spectra; due to vibronic 
coupling, they produce vibrational selection rules which are strictly harmonic in nature. 
These selection rules predict that the intensity observed in the B- and/or C-terms is 
borrowed from various allowed molecular transitions by the typical expression for either 
terms: 
 
𝑅𝑚𝑜𝑙−𝐶𝑇(𝜔) =  
(𝜇𝑚𝑜𝑙 •  𝐸𝑠𝑝𝑟)(𝜇𝐶𝑇 • 𝐸𝑠𝑝𝑟)ℎ𝑚𝑜𝑙−𝐶𝑇⟨𝑖|𝑄𝑘|𝑓⟩
((𝜀1(𝜔) + 2𝜀0)2 + 𝜒𝜀2
2)((𝜔𝐶𝑇
2 − 𝜔2) + 𝛾𝐶𝑇
2 )((𝜔𝑚𝑜𝑙




where three distinct resonances are included in the denominator for a metal substrate. The 
first is the surface-plasmon resonance, which lies entirely within the metal nanoparticle; 
(ε1(ω) + 2ε0)2 + ε2
2 is due to the plasmon resonance at ε1(ω) =-2ε0, where ε1 and ε2 are the 
real and imaginary parts of the Ag dielectric constant and ε0 is the real part of the 
dielectric constant of the surrounding medium. The second is the charge-transfer 
resonance ( = CT) either from the molecule occupied levels to the metal Fermi level 
(B-term) or from the Fermi level to unoccupied molecular levels (C- term). The third 
resonance ( = mol)  is a molecular resonance residing entirely within the molecule. 
These resonances are coupled to each other through terms in the numerator. The 
surface plasmon resonance enhances the electric field (Espr) at the surface of the 
nanoparticle which is coupled with either the molecular resonance (mol) or the charge-
transfer resonance (CT). Both the charge-transfer resonance and the molecular resonance 
are coupled to each other through the Herzberg-Teller coupling constant (hmol-CT). The 
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requirement that the numerator of this expression not vanish results in selection rules 
⟨𝑖|𝑄𝑘|𝑓⟩.  Optimal SERS enhancements occur when localized plasmon resonances are 
present at both the excitation wavelength and Raman scattered wavelength. 
1.2 Motivations for Current Research 
1.2.1 Identification and Quantitation of Opioids Alone or in Binary Mixtures using 
Raman and SERS Spectroscopies 
Fentanyl, and analog carfentanil, have been recently implicated in several cases of 
abuse, overdose and criminal possession. [7, 8, 9, 10]  Thus, the need for rapid and accurate 
detection of these drugs is of the utmost concern and presents an opportunity to highlight 
the collaborative efforts of classical analytical chemists and forensic scientists.  
Raman spectroscopy can detect and identify both illicit substances and 
adulterants. But while it is well studied, it is a weak effect. SERS presents an alternative 
technique that provides distinguishing chemical information with little additional sample 
preparation. SERS has been limited to use in the laboratory due to its reliance on 
colloidal suspensions of silver nanoparticle substrates, which are unwieldy for field use 
and tend to be unstable. Therefore, a robust substrate was developed to exploit the 
sensitivity provided by silver nanoparticles in a form allows field application. These solid 
surfaces will facilitate the extraction of target compounds from hands, clothes, hard 
surfaces (e.g. desks or tables) and soft surfaces, such as furniture. Quantitative calibration 
using solid substrate was also demonstrated in the case of binary mixtures where fentanyl 
was used an adulterant. 
  Furthermore, density functional theory calculations are also presented to 
highlight the importance of comparing theoretical and experimental results, and their 
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potential utility in the forensic science field.  The approach presented herein has not 
before been published regarding fentanyl, and carfentanil, and provides a truly elegant 
chemical and theoretical analysis that can prove useful to scientists both in the criminal 
justice field and beyond.  This thesis encompasses novel DFT data, spectral data, 
calculations and figures that demonstrate the value of the combination of these techniques 
and the information they can provide for detection and unequivocal identification of these 
substances of abuse.     
1.2.2 Non- and Micro-invasive Pigment Identification of Art Objects using Raman and 
SERS Spectroscopies  
Raman spectroscopy has emerged as technique for pigment analysis because of 
the scattering power of organic, inorganic, and organometallic compounds, in addition to 
visible lasers that can tap into the resonances of colored media.[11, 12, 13, 14, 15, 16] Moreover, 
SERS has been employed for the analysis of particularly fugitive and hyper-fluorescent 
pigments  such crystal violet and rhodamine derivatives, as attachment to Ag 
nanoparticles provides a non-radiative pathway for relaxation from the excited state and 
effectively quenches fluorescence. [17, 18, 19, 20]  
Contemporary developments in Raman technology have led to heightened interest 
in the scientific examination of antiquities and fine arts, for reasons encompassing 
fundamental interest in materials and techniques used by the artist or assessing 
conservation needs by studying material degradation levels and processes. Through 
material detection, analytical data can support or even solidify an authentication of works 
of art. In conservation science, the most desirable analytical techniques are those that are 
non- or micro-destructive and/or can be used in-situ, the latter of which can be achieved 
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using portable Raman instrumentation.  
 In this thesis, we demonstrate the applicability of confocal and portable Raman 
through studies on the following objects: red pigments found in El Anatsui’s Bleeding 
Takari II; identification of the gouaches used by Henri Matisse in the Jazz album; and 
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SERS, Raman and DFT Analyses of Fentanyl and Carfentanil: 
Toward Detection of Trace Samples 
2.1 Introduction 
 Fentanyl (Fig. 1a) is a powerful, synthetic opioid that is prescribed for pain medication due 
to its analgesic and anesthetic properties. It is estimated to be at least fifty to one hundred times 
more powerful than morphine.1 Though it was first synthesized in 1960, fentanyl has since the 
1990s been widely prescribed and used for pain treatment for cancer patients and chronic pain 
patients in the form of a patch, lollipop/lozenge or sublingual spray.2 Fentanyl is listed as a 
Schedule II substance under the Controlled Substance Act. It has been noted that a few 
milligrams of fentanyl may be powerful enough to cause an overdose, or even death.3,4  
Carfentanil (Fig. 1b) is an analog of fentanyl, also listed as Schedule II substance. Carfentanil, 
traditionally used as a large animal tranquilizer, has been implicated in over 400 overdose deaths 






















Figure 1. Chemical structures of (a) fentanyl, and (b) carfentanil; several atoms are labeled in 
conjunction with Table 1. 
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 It has become important to identify the presence or purity of fentanyl and carfentanil 
quickly and correctly, especially in trace quantities. Many studies have been conducted 
concerning the toxicological detection of fentanyl in biological samples; i.e. from a patient’s 
blood or after autopsy.8 Experiments have also been performed to assess the ability of SERS to 
detect drugs of abuse in saliva samples. Fentanyl was studied on both gold and silver with FT-
Raman spectroscopy, but that study focused on cocaine and other illicit drugs with no spectral 
data for fentanyl.9 Another work has investigated the use of Density Functional Theory (DFT) 
calculations for comparing NMR and IR spectroscopic data.10 There still is a need for a non-
destructive, sensitive and rapid method that combines experimental and theoretical data to 
provide precise and invaluable information. 
 Normal Raman (NR) spectroscopy can be analytically valuable in identifying, with great 
certainty, the chemical makeup of the samples in question.11 Still, it suffers from being a weak 
effect. Conversely, Raman signal intensity can be amplified through surface-enhanced Raman 
spectroscopy (SERS), where species are adsorbed on the surface of a metallic nanoparticle, 
traditionally silver or gold. SERS is especially useful as a sensitive, rapid, and non-destructive 
forensic tool for detecting trace materials.12,13,14,15 A preliminary report of SERS of fentanyl 
alone has been published but lacks thorough experimental and theoretical detail.16 
 To complement spectroscopic analysis, DFT provides vibrational assignments to 
experimentally observed frequencies. While these assignments are suitable for investigating NR 
spectra, computational strain because surface-molecule interactions limit the capability of DFT 
with regards to SERS. Most observed frequencies tend to vary only slightly between NR and 
SERS spectra, and changes in selection rules from surface effects typically affect relative peak 
intensities. Thus, comparison between normal and enhanced spectra, combined with theoretical 
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spectra, can be employed systematically and with great success for detecting trace materials.17,18 
 In this work, we present the NR and SERS spectra of fentanyl, accompanied by a 
comprehensive assignment of the most intense vibrational modes in the NR spectrum. Due to the 
similarity of the calculated Raman spectra of fentanyl and carfentanil, we include a brief 
comparison of these two compounds in this study. We also present evidence of a trace amount of 
carfentanil impurity in our fentanyl sample, demonstrating the sensitivity of SERS.  
2.2 Materials and Methods 
2.2.1 Supplies and Equipment 
 Fentanyl was obtained as a 1mg/ml certified reference material in methanol from Sigma-
Aldrich Co Ltd. [CAS Number: 437-38-7] and carfentanil oxalate was obtained as a 100µg/ml 
certified reference material in methanol from Cerilliant Corp. [CAS Number: 61086-44-0].  A 
three-inch silicon wafer (Ted Pella Inc.) was used as a reference standard to ensure proper 
calibration using the sharp and narrow Si peak around 520.7cm-1. For normal Raman, 10µL of 
the liquid sample was deposited onto a silicon wafer and a glass slide covered in aluminum foil, 
and the solvent was evaporated completely before analysis. For SERS, 5µl of sample was 
combined with 8µl of silver (Ag) nanoparticles, prepared by the Lee and Meisel method, and 1µl 
of 0.5M KNO3.
19 14µl spots of this mixture were pipetted onto a silicon wafer and allowed to dry 
completely before examination. 
 NR and SERS spectra were collected with a WiTec Alpha300r [Model 300i] confocal 
Raman imaging system. It is equipped with a research grade optical microscope, video camera, 
ultrahigh-throughput spectrometer with CCD detection and a 600l/mm grating selected. WiTec 
Control v.1.48 was used for instrument management and measurement parameters. The 
excitation laser was 532 nm and a spectral center of 2050 cm-1 was chosen to acquire a spectrum 
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in the region of 0-3700 cm-1. The fingerprint region between 600 and 1800 cm−1 was used for 
further analysis. Samples were focused upon and photographed using a 10x objective lens and all 
spectra were collected via five acquisitions collected at 10 seconds exposure time. Laser power 
was measured at 1.5 mW for SERS measurements and 29.5 mW for NR; low-power was 
employed in SERS to avoid damage to the Ag nanoparticles. 
2.2.2 DFT Calculations 
 The optimized ground state neutral singlet structures and vibrational spectra (IR and NR) 
for fentanyl and carfentanil molecules were calculated with DFT calculations using the Gaussian 
09 package of programs.20 The B3LYP hybrid exchange correlation functional was used with 6-
31G(d) basis set.21,22 All calculations were run with G09 for vacuum conditions. For G09 the 
requested convergences were the default values: 1.00D-08 on RMS density matrix within 128 
cycles, 1.00D-06 on MAX density matrix, and 1.00D-06 on energy. All convergence units in 
G09 are in atomic units, i.e., energy units (Hartree) and force units (Hartree/Bohr). There were 
no imaginary frequencies. The optimized geometry was  used to calculate IR and NR activities. 
GaussView 5.09 was used to view data and output images. 
2.3 Results and Discussion  
2.3.1 Geometry of the Fentanyl and Carfentanil 
The structures of fentanyl (N-(1-(2-phenethyl)-4-piperidinyl-N-phenyl-propanaimide) 
and carfentanil (4-((1-oxopropyl)-phenylamino)-1-(2-phenylethyl)-4-piperidinecarboxylic acid 
methyl ester) were optimized prior to calculating their respective Raman activity. Carfentanil has 
a carbomethoxy group substituted at the C**-piperidinyl position in Fig. 1a. The optimized tube 
structures are shown in Fig. 2. Calculated bond distances and bond angles are in good agreement 
with a very recent high level calculation made at the B3LYP/6-311++G(d,p) DFT level (bond 
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distances in this work are around 0.01 Å higher and bond angles agree within a few degrees).9 
The higher-level calculation was found to display structural parameters close to experimental 
values. The dipole moment calculated in this work has a value of 3.28 Debye compared to the 
reported value of 3.2 Debye and is similarly oriented perpendicular with respect to the piperdine 
ring. 9 The optimized structures of the two species as shown in Fig. 2 are remarkably similar with 
all their functional groups oriented in analogous directions, the main chemical difference being 
the C**-carboxylic group in carfentanil. The study of Asadi et al. did not include experimental 










2.3.2 Raman, DFT and Surface-Enhanced Raman Spectra 
In Fig. 3, we show the NR spectrum of fentanyl along with the calculated DFT spectrum. 
The values of pertinent frequencies in cm-1 have been recorded in Table 1, where the measured 
NR bands are listed under Raman. In keeping with established practice, the DFT spectrum has 
been shifted slightly to lower wave numbers to obtain an optimum fit.23 The DFT mode numbers 
are listed under Mode, and the calculated wavenumbers are listed under DFT. In the range below 
(ii) Carfentanil (i) Fentanyl 
Figure 2. Tube structures of Chemical structures of (i) fentanyl, and (ii) carfentanil as 




1100 cm-1, the scale factor is 0.979, while above 1100 cm-1 the scale factor used is 0.957; as can 
be seen in Fig. 3a, a reasonable fit was obtained for further analysis. A direct comparison 
between computational Raman spectra of fentanyl and carfentanil is also presented in Fig 4. It is 
also found that the spectra of fentanyl and carfentanil are almost identical, except for a line at 
1736 cm-1 observed only in carfentanil (see Fig. 3b). This is assigned to the additional C=O 
stretch of the added carbomethoxy- group. Spectroscopic assignment of most of the observed 
spectral Raman lines was carried out using GaussView 5.09, a software that visualizes molecular 
vibrations obtained computationally. These are listed under Description in Table 1. One can then 
assign a SERS spectrum by direct comparison— the frequencies of which are listed under 
SERS— since the major difference between NR and SERS spectra are changes in relative 
intensities rather than the wavenumber.  
A comparison of the SERS and NR spectra of fentanyl is shown in Fig. 5. There are 
several lines, labeled with asterisks, which are enhanced in the SERS spectrum, though not seen 
in the normal Raman spectrum. In Fig. 7 the corresponding comparison of SERS and NR spectra 
of carfentanil are presented. Proof of repeatability in NR and SERS measurements for both 
molecules are presented in Figs. 6 and 8.  
Normal Raman and SERS spectra of fentanyl and carfentanil were collected and compared 
to those obtained through DFT. It should be observed that, except for C-C and C-H stretches and 
bends, most of the lines result from the vibrations of those terminal benzene rings labelled B1 
and B2 in Fig. 1. By inspecting the vibrational modes through GaussView 5.09, we are able to 
correlate them to fundamental modes detailed by Varsányi for substituted benzenes.24 Further 
analysis of mono-substituted benzenes by Gardner and Wright has proven quite valuable in 
vibrational spectroscopy studies and, for convenience and completeness, are also included in the 
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table.25 Finally, Wilson’s well-established assignments for benzene modes were included to: one, 
more clearly visualize the vibrations of phenyl groups B1 and B2 using recognized notation; two, 




Figure 3. (a) NR spectrum of fentanyl (black) compared with DFT calculated spectrum (red). Note the baseline 
of the DFT spectrum was shifted for clarity. The abscissa of the NR spectrum is as obtained. The wavenumbers 
of the DFT spectrum were shifted by a factor of (0.979) below 1100 cm-1 and by (0.957) above 1100 cm-1; (b) 
Comparison of the NR spectra of fentanyl and carfentanil in the region of 1500-1800 cm-1. Note the extra line at 





Figure 4: A comparison of the DFT spectrum of fentanyl vs. the DFT spectrum of carfentanil. The 
peak labeled with an asterisk denotes the line at 1733 cm-1, which arises due to the new C**-




























Falling on either end of the molecule, rings B1 and B2 are quite distant and their 
vibrational modes of each cannot interact. Thus, we expect most of the benzene-like modes to be 
paired and close in wavenumber, as shown in Table 1. DFT can predict the slightest difference in 
frequencies for corresponding modes, which is attributed to the variance in chemical 
environment around each ring, since B1 is bound to a carbon and B2 to a nitrogen. These 
differences were beyond instrumental resolution, however, and significant overlap contributed to 



















 The line observed in the NR at 1649 cm-1 is assigned to the C5=O stretch in Table 
1. This line appears as a shoulder in the SERS spectrum, where the broadening and near 
disappearance of this line can be attributed to attachment of the fentanyl to the metal surface 
through the C=O bond. the other four other lines (see * in Fig. 4) assigned to wavenumbers 
lower than 1649 cm-1, which appear in the SERS spectrum but not in NR spectrum. This 
indicates that they are strongly enhanced by the surface compared to the other lines, since they 
display almost no intensity in the NR spectrum. Of these, only the intense peak at 1525 cm-1 
cannot be assigned to a fentanyl peak, nor to any peaks found in the SERS spectrum of Ag-
Figure 5: SERS spectrum of fentanyl (red) compared to NR spectrum (black). The spectra differ by the 
relative intensities of the spectral lines. Note several new lines in the SERS spectrum marked with *. The 





citrate colloidal complex.27 The same peak is observed in the work of Kong et. al., but its origin 
was not investigated.15 It is also absent from experimental and computational IR-spectra of 














The fifth new peak in the SERS spectrum is a weak but reproducible one at 1733 cm-1. 
We believe this spectral feature, attributed to the carbonyl from the ketone group that from 
carfentanil and a result of carfentanil contamination of the fentanyl sample. Note that DFT 
calculations indicate that all other bands of carfentanil are identical to those of fentanyl. These 
spectra were reproduced over several acquisitions (Fig. 6).  
 
 
Figure 6: SERS spectra of fentanyl: (a) Ag NP’s at 532 nm excitation wavelength; (b) Au NP’s at 785 nm 
excitation wavelength; and (c) a detailed look at those obtained using Au NP’s at 785 nm excitation 
wavelength. Both show reproducibility in measurement and most signature features.  
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Figure 7. SERS spectrum of carfentanil (red) compared to NR spectrum (black). The spectra 
differ by the relative intensities of the spectral lines. Note several new lines in the SERS 
















In Fig. 7 we compare the NR and SERS spectra of carfentanil. New lines are observed in 
the SERS spectrum at 1326, 1388, and 1537 cm-1. The line at 1388 cm-1 can be assigned to a C-H 
bend in terminal C7 (Fig 1 ii), while the other two lines cannot be assigned. In the region of the 
C=O stretches, the SERS spectrum shows severe broadening of the two lines (1656 and 1736 cm-
1) indicating that carfentanil is attached to the surface through interaction with the C=O of the 




Figure 8. SERS spectra of carfentanil with Ag NP’s at 532 nm excitation wavelength; this shows reasonable 













The enhancement factor is defined as the ratio of intensity of SERS signal/molecule 
(ISERS/ NSERS) divided by the intensity of the NR signal/molecule (INR/NNR), where NNR and 
NSERS are the number of molecules interrogated by the laser in the NR and SERS measurements. 
This can be written as: 
 
 
For this calculation, the most intense line in the spectrum, located at 999 cm-1, was 
selected. Subtracting out the background and correcting for relative laser intensities, the ratio of 
measured counts (ISERS/INR) is 9880/8037 = 1.2. In order to calculate the number of molecules 
interrogated by the laser in SERS, it can be assumed that only a monolayer attached to the 
surface produces an enhanced spectrum. Using a laser radius (r) of 1 µm, the cross-sectional area 









of laser is πr2 = 3.14 µm2. If the attachment of fentanyl to the surface is through the C5=O bond, 
it lies flat on the surface. The cross-sectional area of a single molecule of fentanyl may be 
calculated by taking the molecular length to be approximately 1.8 nm and width 0.42 nm. The 
total area/molecule is then 1.8 x 0.42 = 0.76 nm2. Assuming complete monolayer coverage, the 
number of molecules addressed by the laser is NSERS = 3.14 µm
2/0.76 nm2 = 4.1 x 106 molecules. 
To determine the number of molecules interrogated in the normal Raman spectrum (NNR), 
a penetration depth (d) of 0.1 µm was used. The volume of sample filled by the laser is πr2d = 
3.14 µm2 (0.1 µm) = 3.14 x 10-10 cm3. Using the density of 1.087 gm/cm3, and a molecular 
weight of 336 g/mol, NNR = 5.4x 10
11 molecules, resulting in a conservative estimate of the 
enhancement factor, EF = 1.2 x 5.4 x 10
11/4.1 x 106 = 1.6 x 105. The surface coverage likely to be 
less than complete, rendering this estimate of the enhancement factor a lower limit. The 
calculation for carfentanil is nearly identical and therefore not reproduced here. 
2.4 Conclusion 
 The normal Raman (NR), surface-enhance Raman (SERS) and Density Functional 
Theory (DFT) spectra of fentanyl and carfentanil were investigated. Both compounds have been 
implicated in the recent outbreak of opioid addiction and overdose-related fatalities. In this work, 
they were investigated using silver nanoparticles synthesized via the Lee-Meisel method, which 
provides an enhancement factor of 1.6 x 105. This large enhancement suggests that SERS, 
combined with a comprehensive assignment of experimentally observed normal modes, offers a 









e    
36 618 618 623 C-C-C sym. (ip) bend B1 M 29 6b (e2g)
37 625 C-C-C sym. (ip) bend B2 M 29 6b (e2g)
38 644 639 C6 + C7 C-H rocking
39 679 678  C-H bend (piperidine); C-C-C sym. 
(oop) puckering B2
M 18 4 (b2g)
43 743 748 C-H sym. (oop) bend B1 M 17 11 (a2u)
51 828 842 C-H asym. (oop) bend B1 M 13 10a (e1g)
52 842 C-H asym. (oop) bend B2 M 13 10a (e1g)
54 901 C-H asym. (oop) trigonal bend B1 M 15 5 (b2g)
55 909 C-H asym. (oop) trigonal bend B1 + B2 M 15 5 (b2g)
56 920 928 C-H asym. (oop) trigonal bend B2 M 15 5 (b2g)
64 999 999 999 C-C-C trigonal bend B1 M 9 12 (b1u)
65 999 C-C-C trigonal bend B2 M 9 12 (b1u)
68 1024 1024 1017  C2 + C3 C-C stretch
70 1049 1049 1036 C-C sym. stretch B2 M 8 19a (e1u)
71 1049 1049 1038 C-C sym. stretch B1 M 8 19a (e1u)
82 1151 1156 C-C stretch B2 M 7 8a (e2g)
84 1167 1163 1163 C-C stretch B1 M 7 8a (e2g)
86 1200 1182 C1-C2 sym. stretch
87 1236 1219 C4-N (piperidine) stretch; C6 + C7 C-H 
91 1278 1256 1263 C-N-C stretch; C-H twist (piperidine)
94 1284 1280 1273 C3 C-H twist
1326 Unknown
104 1352 1348 1348 1355 C-H wag + twist (piperidine)
105 1367 1371 C2 + C3 wag C-H wag
107 1384 1376 1388 1386 C7 C-H bend
115 1447 1447 1463 C7 C-H sciss.
1525 1537 Unknown
123 1579 1593 C-C sym. stretch B2 M 4 9a (e2g)
124 1595 1595 1601 C-C sym. stretch B1 M 4 9a (e2g)
125 1649 1649 (sh) 1656 1678 C5=O stretch 








See Fig. S6 in Supplementary Material.
b
 DFT values were shifted by a factor of 0.979 below 1100 cm
-1 
and by 0.957 above 1100 cm
-1
.
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Detection and Quantitation of Trace Fentanyl in Heroin by Surface 
Enhanced Raman Spectroscopy 
3.1 Introduction 
Since the 1990’s, the synthetic opioid fentanyl (Fig. 
1.a) has been widely prescribed and used as 
treatment for cancer and chronic pain.1 A Schedule 
II drug under the Controlled Substance Act, fentanyl 
has been used increasingly as an adulterant in illicit 
substances, such as heroin (Fig 1.b). Fentanyl is 
powerful enough that a few milligrams may cause 
overdose, and it has been recently implicated in a 
sharp uptick in overdose deaths in the United States 
and abroad.2–4  
Consequently, the identification of fentanyl in trace quantities and in mixtures has 
become urgent in the face of the current epidemic. Structural characterization of fentanyl has 
been reported via  nuclear  magnetic resonance (NMR) and infra-red (IR) spectroscopy coupled 
with density functional theory (DFT) calculations,5 and surface enhanced Raman spectroscopy 
(SERS) coupled with DFT calculations.6 Additionally, an assessment of fentanyl in a patient’s 
blood or after autopsy has been studied from a toxicological standpoint.7 Forensic work 
traditionally employs hyphenated methods such as gas chromatography-mass spectrometry (GC-
MS) or liquid chromatography-mass spectrometry (LC-MS), given established knowledge of 
Figure 1. Molecular structures of (a) 
fentanyl and (b) heroin. 
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their reliability and reproducibility.8,9 While methods like GC-MS, LC-MS are more commonly 
used, they require large sample sizes and long investigation times, are expensive to own and 
operate, and can be inappropriate for in-situ analysis. On the other hand,  fentanyl often makes 
up 0.1% to 10% of seized street samples,4 and its identification can be difficult in small 
percentages even though it would provide crucial forensic insight.  
Alternatively, Raman spectroscopy has been increasingly used for precise evaluation of 
pure and adulterated samples heroin and cocaine.10–13 Raman spectroscopy is classified as a 
“Category A” technique by the Scientific Working Group for the Analysis of Seized Drugs 
(SWGDRUG) based on discriminating power, and has gained traction as a simple and robust 
method in forensic laboratories.14 Surface enhanced Raman spectroscopy (SERS) is especially 
sensitive because trace detection of laced drugs can be accomplished by analyte bonding to metal 
nanoparticles (NP). Investigative methods for SERS detection of fentanyl have recently been 
proposed via analysis of saliva,15 Au- or Ag-doped sol-gels immobilized in glass capillaries,16 or 
SERS followed by desorption electrospray ionization mass spectrometry (DESI-MS) using 
commercially available Au-coated paper substrates.17  
While SERS traditionally relies on colloidal metal NP for signal enhancement, novel 
substrates amenable for use in the field have become a central focus for new avenues of analyte 
detection. Among those, paper-based substrates impregnated with metal NP have gained favor 
for their ease-of-use and cost-effectiveness.18-19 More significantly, they are highly appropriate 
for in-situ forensic sampling by swabbing surfaces of interest.20 Several methods for obtaining 
paper-based substrates have been reported, such as: inkjet printing of NP;21,22 direct application23 
of or dip-coating paper in colloidal suspensions of NP;24 or in-situ nucleation and growth of 
NP.25 Some illustrations of SERS detection using paper-based substrates include dyes,26 
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explosives,27 pesticides,28 and biological materials.29 
In this work, we report the detection of fentanyl using a paper-based SERS substrate 
made of lab-grade filter paper immersed in a colloidal suspension of AgNP. We evaluate the 
suitability of this method for finding the percent content of fentanyl in heroin, simulating its use 
as an adulterant in trace quantities. The applicability of this substrate— referred to as AgPaper 
for the rest of this study—  for identifying the presence of fentanyl on surfaces was also 
investigated. It should be noted that this analysis is a first step that only considers homogenous 
mixtures of heroin and fentanyl, which can be rare in street samples; most often, benign fillers 
such as lidocaine, benzocaine, and sodium carbonate are also appear in other analyses.30–32  
3.2 Materials And Methods 
3.2.1 Reagents and Materials 
 Silver nitrate (AgNO3) (99.9999% trace metals basis), sulfuric acid (ACS reagent, 95.0-
98.0%), glucose (≥99.5%), and sodium citrate (≥99%, FG) were used for AgNP synthesis. 
Whatman® filter paper (Grade 1) and sodium chloride (BioXtra, ≥99.5%) were used in substrate 
fabrication. Heroin (1.0 mg/mL in acetonitrile, certified reference material, Cerilliant) and 
fentanyl (1.0 mg/mL in methanol and 100μg/mL in methanol; both certified reference material, 
Cerilliant) were used as analyte sources for SERS detection. All materials whose source is not 
otherwise listed were purchased from Millipore-Sigma.  
3.2.2 AgNP Synthesis and Analyte Application 
AgNP were obtained through isothermal microwave-assisted reduction. The microwave 
technique, which was chosen in over the more commonly used Lee-Meisel method,26,33  provides 
more uniformity and stability of the NP. Silver sulfate (Ag2SO4) was first precipitated upon 
dropwise addition of 10% H2SO4 to an aqueous solution of AgNO3 in an ice bath. The resulting 
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product was then dissolved in water to yield a final concentration of 5 x 10-4 M. 1 mL of 1% 
(w/v) glucose, 0.5 mL of 1% (w/v) sodium citrate, and 12.5 mL of the Ag2SO4 solution were 
added to a Teflon container and heated for 1 min at 120 
◦C and under high-pressure using a lab-
grade microwave digestion system (Anton Parr Microwave 3000). This was followed by 
centrifugation to remove excess sodium citrate and to concentrate the supernatant 20 times over 
using ultra-pure water (Millipore Milli-Q, 18.0 MΩ). This ensures that excess sodium citrate is 
removed and precludes citrate bands from appearing in the spectra. 
3.2.3 Substrate Fabrication 
The following method was adapted from Huang et. al., where this substrate was 
optimized for robust signal enhancement.29 In brief, filter paper discs (0.5 cm in diameter) were 
produced with a single-hole punch. They were then soaked for 5 min in 20mM solution of NaCl 
to imbue them with halide ions that promote AgNP aggregation and result in SERS-active “hot 
spots.”24  Each disc was individually soaked in 100 μL of concentrated suspensions of AgNP for 
1 hr. The resulting substrates were stored in Eppendorf tubes and refrigerated until use. Whereas 
fresh substrates were used for all presented spectra, a longevity study was also performed. 
Substrates worked well after being stored and tested over a period of 15 days (Fig. 2).   
3.2.4 Substrate Characterization 
 Electron microscopy (SEM) images were taken a Zeiss Supra 55 VP system at 5kV after 
drying and coating the substrate with 10nm of graphite, and energy dispersive X-ray 
spectroscopy (EDS) was done using a TESCAN Vega 3 XMU equipped with an EDAX Si(Li) 
detector at 20kV. Nanoparticle distribution measurements were done in ImageJ. Reflectance 
spectroscopy in the 400-700 nm range was taken with an eXact X-Rite spectrophotometer 

















Raman and SERS Analysis 
Normal Raman and SERS spectra were collected using a Renishaw In-via Raman system 
equipped with a 532-diode laser, 1200 lines/grating, and a Leica confocal microscope with a 20x 
objective. Each of the illustrated spectra, unless otherwise specified, represents an average of 10 
baseline-corrected,34 30 second acquisitions collected from different areas in the center of the 
substrate. For normal Raman, 10 µL of stock 1mg/mL fentanyl solution was dropped onto a 
silicon wafer and dried prior to acquisition (Fig. 3). SERS analysis of fentanyl solutions at 
decreasing concentrations, and binary mixtures containing fentanyl and heroin at different 
compositions, were applied to newly made AgPaper. Substrates were dried for 30 minutes before 
Figure 2. SERS spectra showing 10 μL of 100 μg/mL fentanyl on AgPaper at 5, 10, and 15 days. The gray shading 




spectral analysis. In a parallel set of experiments that demonstrate the capacity of AgPaper for 
extracting target compounds, surfaces to which 20 μL of a binary mixture had been applied and 














3.3 Results and Discussion 
3.3.1 Substrate Characterization  
 Closer examination via SEM imaging showed adsorption of AgNP into the matrix with a 
good distribution (Fig 4.a) of spherical nanoparticles 45-65 nm in size (Fig. 4.b), and further 
corroborated by color change before and after soaking (Figs. 4.c,d, respectively). Halide-induced 
agglomeration was observed, where 1-2 nm gaps between AgNP can produce hotspots of 
heightened electromagnetic activity that contribute to sizeable enhancement factors.35–37 A 
Figure 3. Normal Raman (NR) spectrum of dried fentanyl and SERS spectrum of 10 μL of 1 mg/mL on 




Raman spectrum of blank AgPaper also reveals a characteristic peak at 238 cm-1 that corresponds 
to the Ag–Cl stretching vibration.38 EDS phase mapping of Ag L lines verified the adsorption of 
AgNP after drying (Fig. 5). Reflectance spectroscopy confirmed the presence of AgNP with a 
surface plasmon resonance (SPR) at 460nm (Fig S6). Whereas microwave-produced AgNP in 
colloid are characterized by a narrow SPR band at 406 nm (Fig. S4.b), surface modes of multiple 
AgNP are coupled in aggregates and the resulting SPR will be red-shifted and broadened when 
compared to individual nanoparticles.39–41 Using ImageJ software, the calculated surface area of 
nanoparticles comprised ~23.4 % of the substrate surface area. This level of coverage (~25%) 















Figure 4: Characterization of AgPaper using: Scanning electron microscopy (SEM) at (a) 11,000x and (b) 
90,000x magnification; optical microscopy at 20x magnification (b) before and (d) after exposure to AgNP; and 




Figure 5. (a) SEM image at 90x and (b) EDS image showing the Ag L phase distribution over the same area. 
 
Figure 6. (a) AgPaper reflectance spectrum showing a maximum at 460 nm with an inset of showing that of the 
blank filter paper. For comparison, (b) the absorbance spectrum of AgNP over the same wavelength range 




3.3.2 Fentanyl Normal Raman and SERS 
The enhancement factor (EF) across a 1.7 mm
2 area in the center of the substrate was 
assessed by mapping of 780 SERS baseline-corrected spectra of 10 µL of 1mg/mL fentanyl, all 
obtained for 1 second at 2.5 mW (Fig. 7). For direct comparison, an average of 10 normal Raman 










EF is the ratio of SERS signal intensity per molecule (ISERS/ NSERS) divided by the normal 
Raman signal intensity per molecule (INR/NNR). The most intense line in the spectrum was 
selected for this calculation, a C-C-C trigonal stretch in benzene located at 1005 cm-1.6 NNR and 
NSERS are the number of molecules exposed to the laser during normal Raman and SERS 




The number of molecules under laser exposure in NSERS assumes that a monolayer bonded to 








Table 1. Percent of Enhancement 
Factor (EF) Distribution   
Range   Percent 
1 x 107 - 2 x 107  16.1 
2 x 107 - 3 x 107  36.1 
3 x 107 - 4 x 107  29.3 
4 x 107 - 5 x 107  14.7 
5 x 107 - 6 x 107  3.90 
Figure 7. Characterization of AgPaper using SERS mapping at 20x magnification over 780 spots 
and 1.7 mm2. Table 1. lists the percent of total acquisitions represented in each range.  
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AgNP causes an enhanced spectrum and not a normal one. Using a beam (r)  radius of 1 µm, the 
flat area of spot is πr2 = 3.14 µm2. Fentanyl attaches to AgNP is via a carbonyl bond, which 
leaves it flat with respect to the surface.6 The cross-sectional area of a fentanyl molecule is 
calculated using its length and width (1.8 nm and 0.42 nm, respectively) for a total area = 0.76 
nm2 per molecule. Presuming full monolayer coverage of AgNP, the number of molecules in 
NSERS would ~23.4% of the total area; i.e. (
0.234 x 3.14 µm2
0.76 nm2 
) = 9.67 x 105 molecules. As there is 
undoubtedly less than complete surface coverage, this approximation offers a lower limit for 
calculating EF,  
To find out the total amount of molecules for NNR, a laser penetration depth (d) of 0.1 µm 
was used. The volume of fentanyl taken up by the laser is πr2d = 3.14 µm2 (0.1 µm) = 3.14 x 10-
10 cm3. Using the density (ρ) and molecular weight of fentanyl  (1.087 g/cm3 and  336 g/mol, 
respectively), NNR = 5.4x 10
11 molecules. While the (NNR/NSERS) ratio remained uniform at 5.58 
x 105, (INR/ISERS) ratio was varied over a range of ISERS constant and INR = 85 counts. This 
produced enhancement factors between 1.03 x 107 to 5.87 x 10
7 (Eqn. 1). While not uniform, a  
greater majority of the values (65.4%) are within one standard deviation from an average of 3.05 
x 107 (Table 1). 
3.3.3. Fentanyl Limit of Detection (LOD) 
Since fentanyl is used as an adulterant in low concentrations, a limit of detection (LOD) 
of fentanyl via serial dilutions with methanol was examined to demonstrate the efficacy of 
AgPaper (Fig. 8). 10 µL of each dilution was applied to AgPaper, and fentanyl was faintly but 
readily detected at 100 ng/mL using the 1005 cm-1 peak. This peak has been used as a visual 
diagnostic for the presence of fentanyl alone or in mixtures.17,42,43 The following are percent 
relative standard deviation (RSD) values for each of the concentrations: 18.61% for 50 µg/mL; 
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24.37% for 10 µg/mL, 34.31 % for 1 µg/mL; and 40.48% for 100 ng/mL. The RSD in SERS has 
been repeatedly demonstrated to be variable and somewhat higher than traditional established 












3.3.4 Binary Mixture Analysis 
The quantitation of binary mixtures can rely on ratios between isolated signature peaks 
for each of the target analytes (Eqn. 2).44 Depending on binding interactions with AgNP, the 
relationship between fentanyl and heroin concentrations could act as a standard against which 
unknown mixtures are evaluated. Peak heights were based on the maxima of chosen diagnostic 
peaks for each drug: 628 cm-1 for heroin – assigned to several ring modes16 – and 1005 cm-1 for 
fentanyl (Fig. 8). The ratios of peak height were calculated using the following equation: 
 
 
Figure 8: Limit of detection (LOD) for fentanyl on AgPaper, where the peak at 1005 cm-1 is detected down to 







where I is the peak intensity after baseline correction and R is the resulting ratio. All calibration 













was initially forced through the origin by adding the smallest zero fentanyl ratio to all data 
points, effectively giving them positive values for calibration. This constant was retained for 
each model and added to the unknown binary mixture intensity ratios for accurate prediction and 
were fitted to a Langmuir isotherm with the equation: 
 
(3) 








Figure 9. Limit of detection (LOD) for fentanyl mixed with heroin, where the peak at 1005 cm-1 is 




where q and b were calculated by taking the inverse intercept, and the intercept divided by the 
slope of the best fit line for the reciprocal of each data set. In this model, qb is the initial slope of 
the curve, while b is considered the affinity coefficient of fentanyl to the surface, q the maximum  
ratio threshold, and θ is the calculated peak ratio.   
A calibration model was constructed by plotting peak height ratios for standards with a 
total analyte mass of 10 µg, altering heroin volume from stock according to the desired 
mass/mass percent composition (Fig. 10). 10 µL of each solution was applied to AgPaper for 
SERS analysis. The curve represents 1, 3, 5, 10, 30 and 50% mass of fentanyl in heroin 
(100ng:10 µg, 300ng:10 µg, 500:10 µg, 3 µg:10 µg, and 5 µg:10 µg fentanyl: total mass 
respectively).   
The calibration curve (Eqn. 3) exhibits linear behavior before beginning to plateau 
gradually after 5% fentanyl and severely after 20% (Fig. 10-inset). Such linearity was also seen 
at sub-microgram levels in a Langmuir calibration of SERS intensity versus concentration of 
heroin.21 The flattening effect is attributed to higher concentrations of fentanyl and saturation of 
the AgPaper that produces nonlinear behavior unfit for predictive evaluation.44  The presence of 
a high density of hot-spots in the AgPaper led to greater enhancement of fentanyl with increasing 
concentrations and similar peak ratios above 20%. Nevertheless, the critical concentrations of 
fentanyl found in street samples of heroin are represented in the linear portion of the curve.4 The 
curve exhibits an R2 of 0.9644 with a p-value of 2.2x10
-16 which, in addition to the residuals plot 
of the regression data (Fig. 11) showing a small range consistent with random error, supports the 




3.3.5 Predictive Analysis 
Spectra of solutions containing varying concentrations between 0.1% and 20% mass 
fentanyl in heroin were collected to test the predictive ability of the model. A total analyte mass 
of 10 ug was maintained, altering heroin (1 mg/mL) and fentanyl (both 1mg/mL and 100µg/mL) 
volumes from stocks according to the desired mass/mass percent composition. The mean of each 
prediction, RSD, absolute and percent errors to the actual concentration of fentanyl, and the 
mean absolute percent error (MAPE), which indicates overall accuracy of the model, are all 



















Small MAPE values convey better overall accuracy and good predictive behavior. At lower 
concentrations (0 – 6%) of fentanyl, a MAPE of 5.80% is observed, and higher (> 6%) 
concentrations show a MAPE of close to 20%. The model was a great fit to the data and 
Figure 10. Calibration curve using the peak height ratios of fentanyl to heroin (1005cm-1 to 628cm-1) 
from 0-5%, and from 0-50% in the inset. Open circles (○) represent the calibration points, triangles 




predicted low-fentanyl content with success, evident by low percent biases to actual values and 
corroborated by the below 4.25% - 95% confidence interval RSD of the model relative to the 
reported means. If single-component solutions of medial interactivity with the substrates can 
have RSD of 5-16%,45 one would expect similar or slightly higher RSD values for concentration 
calculations in mixtures of components that have comparable binding affinities, especially 
towards the lower end of concentration curves, an effect described by the Horowitz function.46,47 
Nevertheless, this approach could address the needs of forensic application since it quantified the 
trace amounts of fentanyl typically found in street samples.  
  
Actual Precent Fentanyl Actual Precent Fentanyl
0.55 Mean 0.47 5.4 Mean 4.85
RSD 27.65 RSD 10.70
Error Absolute 0.08 Error Absolute 0.55
Percent 14.55 Percent 10.19
95% CI 0.02 95% CI 0.39
0.70 Mean 0.61 6.1 Mean 5.39
RSD 12.99 RSD 34.66
Error Absolute 0.09 Error Absolute 0.71
Percent 12.86 Percent 11.64
95% CI 0.02 95% CI 0.50
0.95 Mean 0.88 7.9 Mean 9.75
RSD 33.43 RSD 32.33
Error Absolute 0.07 Error Absolute 1.85
Percent 7.37 Percent 23.42
95% CI 0.04 95% CI 1.38
1.5 Mean 1.38 12.3 Mean 19.70
RSD 24.78 RSD 11.14
Error Absolute 0.12 Error Absolute 7.40
Percent 8.00 Percent 60.16
95% CI 0.06 95% CI 4.81
2.45 Mean 2.21 18.7 Mean 28.00
RSD 12.85 RSD 18.58
Error Absolute 0.24 Error Absolute 9.30
Percent 9.80 Percent 49.73
95% CI 0.12 95% CI 10.80
3.65 Mean 3.24
RSD 10.13 MAPE (Low Conc.) 5.80
Error Absolute 0.41
Percent 11.23 MAPE (Overall) 19.90
95% CI 0.21
Table 2. Prediction mean values of percent fentanyl in mixtures comepared by peak height calibration curve






Figure 12. Two-dimensional linear discriminant (LDA) plot of fentanyl-heroin mixture standards used for 
the calibration model showing good grouping between concentration replicates. 
 
Figure 11. Residuals plot of the calibration data from 0 to 100% fentanyl, showing a small range that 




Figure 13. Principal component regression (PCR) analysis using five components showing a low prediction 













 Other statistical methods have been explored to investigate the potential of expanding 
the quantitation to higher concentrations of fentanyl. Linear discriminant analysis (LDA) shows 
a good grouping of the standard replicate data (Fig. 12). However, analyses using either principal 
component regression (PCR) or partial least squares regression (PLSR) models (Figs. 13 and 14, 
respectively)— with 100 replications and an optimal number of components determined by the 
model building R— do not show an improvement on the peak-ratio calibration model when put 
in practice. Interestingly, PLSR determined two components for optimal analysis, in the same 






Figure 14. Partial least squares regression (PLSR) analysis using two components showing a low prediction 




















3.3.5 Swab Test 
 
SERS spectra of pure heroin at 10 µg were obtained by swabbing surfaces onto which 
solutions of the drug were introduced (Fig. 7.a). Two representative surfaces were selected: an 
absorbent, unfinished wooden desk and a nonabsorbent  epoxy counter. The intense peak at 628 
cm-1 is consistently enhanced by AgPaper, and those at 444, 500, 590, and 679 cm-1 show modest 
yet detectable signals that confirm the presence of heroin.12,17 While the roughness and 
absorptivity of the unfinished wood contributed to the weakness in the intensity of those features, 
the presence of heroin is unmistakable in comparison to the Raman spectrum of blank AgPaper. 
The same swab test was applied to 10% and 5% (1 µg:10 µg and 0.5 µg:10 µg) fentanyl in 
heroin mixtures (Fig. 7.b). Again, the diagnostic peak at 1005 cm-1 for fentanyl is present in 
addition to that of heroin’s at 628 cm-1. Quantitation of the swabbed samples proved difficult due 
to the great enhancement of the fentanyl peak (Fig. 5.b). Nonetheless, the ability to swab 





The use of a low-
cost AgPaper substrate 
prepared by immersion in 
AgNP suspension allowed 
for rapid and simple SERS 
identification of fentanyl, 
alone or in mixtures with 
heroin. Quantitation of 
fentanyl as an adulterant in 
sub-microgram 
concentrations using a peak-
height calibration model 
presents an appealing choice 
for forensic analysis and 
avoids complex internal 
standards. Reduced analysis 
time, compared to currently applied methods, could help unwind the long forensic sample 
backlogs vital to court cases and law enforcement work. It can also serve as a compliment to 
traditional chromatographic approaches. With the growing availability of portable Raman 
instrumentation, identification of fentanyl and heroin by swabbing would facilitate the use of this 
technique in the field. 
 
Figure 15. Swab test using AgPaper on two different surfaces were 
able to detect (a) heroin and (b) fentanyl (5% and 1%) in heroin. 
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Figure 1. Molecular structures of (a) fentanyl 
and (b) cocaine. 
Chapter 4 
Analysis of Fentanyl and Cocaine in Binary Mixtures using 
Surface-Enhanced Raman Spectroscopy 
5.1 Introduction 
Beginning in the 1990’s, the synthetic opioid 
fentanyl (Figure 1.a) has been carefully prescribed for 
pain management due to its powerful effects.[1] However, 
it has recently become notorious as an adulterant in illicit 
substances, such as heroin and cocaine (Figure 1.b), and 
has been implicated in the steep rise in overdoses in the 
United States and abroad, making detection of fentanyl in 
mixtures crucial in the face of the ongoing public health 
crisis. Cocaine adulterated with fentanyl has progressively worsened the current epidemic on par 
with heroin.[1–6] The rate of overdose deaths from opioid-laced cocaine increasing from 37 to 136 
per 1,000 people from 2000 to 2015.[7] This trend has been reported on by mainstream 
journalists[8–10] and lead to the recent death of a prominent artist[11].  
Numerous studies have been published for the development of methods to detect trace 
fentanyl, including  nuclear  magnetic resonance (NMR) and infra-red (IR) spectroscopy coupled 
with density functional theory (DFT) calculations [12];  normal (NR) and  surface enhanced 
Raman spectroscopy (SERS) coupled with DFT calculations[13]; and mass spectrometry.[14,15] 
Much toxicological work has also been carried out, most of it being post mortem.[4,5,9] Forensic 
work usually relies on hyphenated methods such as gas chromatography-mass spectrometry 
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(GC-MS) or liquid chromatography-mass spectrometry (LC-MS), but they require large samples 
and long analysis times, are costly to own and maintain, and can be inappropriate for on-site 
analysis.[16,17]   
Alternatively, Raman spectroscopy, a “Category A” technique as defined by the 
Scientific Working Group for the Analysis of Seized Drugs (SWGDRUG), has gained traction as 
a simple and robust alternative in forensic laboratories. It is easy to use, relatively inexpensive, 
and many portable spectrometers are commercially available.[18] SERS is especially sensitive 
since detection of trace samples can be achieved via analyte bonding to metal nanoparticles 
(NPs).[19] While conventional SERS depends on colloidal metal NPs for enhancement, 
innovative substrates for  in situ studies have gained much prominence. Among those, paper-
based substrates saturated with metal NPs have become popular for their ease-of-use and cost-
effectiveness.[20,21] 
In this work, we describe the SERS spectra of binary mixtures of cocaine and fentanyl 
using a paper-based SERS substrate made of lab-grade filter paper submerged in a colloidal 
suspension of AgNPs. This work builds on our previous research using the same paper-based 
SERS substrates for the analysis of binary mixtures of heroin and fentanyl.[22] We present this 
study as a primary step that looks only at binary mixtures of cocaine and fentanyl, which can be 
rare in street samples; most often, benign fillers such as lidocaine, benzocaine, and sodium 
carbonate are also present.[23,24] To our knowledge, this the first reported SERS analysis of 
fentanyl and cocaine in mixtures, and this work provides a crucial step for future spectroscopic 
analysis of fentanyl an adulterant in trace amounts.  
5.2 Materials And Methods 
5.2.1 Reagents and Materials 
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Silver nitrate (AgNO3) (99.9999% trace metals basis), sulfuric acid (ACS reagent, 95.0-
98.0%), glucose (≥99.5%), and sodium citrate (≥99%, FG) were used for AgNP synthesis. 
Whatman® filter paper (Grade 1) and sodium chloride (BioXtra, ≥99.5%) were used in substrate 
fabrication. Cocaine (1.0 mg/mL in acetonitrile, certified reference material, Cerilliant) and 
fentanyl (1.0 mg/mL in methanol and 100μg/mL in methanol, certified reference material, 
Cerilliant) were used as analyte sources for SERS detection. All materials whose source is not 
otherwise listed were purchased from Millipore-Sigma.  
5.2.2 AgNPs Synthesis and Analyte Application 
Silver NPs (AgNPs) were produced through isothermal microwave-assisted 
reduction[13,25], which provides more uniformity and stability of the NPs compared to Lee-Meisel 
AgNPs.[26,27]In brief, silver sulfate (Ag2SO4) was first precipitated upon dropwise addition of 
10% H2SO4 to an aqueous solution of AgNO3 in an ice bath. The resulting product was then 
reconstituted to a final concentration of 5 x 10-4 M in water. 1 mL of 1% (w/v) glucose, 0.5 mL 
of 1% (w/v) sodium citrate, and 12.5 mL of the Ag2SO4 solution were combined in Teflon 
container for heated using a lab-grade microwave digestion system (Anton Parr Microwave 
3000) for 1 min at 120 ◦C and under high-pressure. The products were centrifuged to remove 
excess sodium citrate and concentrated 20 times over using ultra-pure water (Millipore Milli-Q, 
18.0 MΩ).  
5.2.3 Substrate Fabrication 
The following method was adapted from Huang et al.[28], and in-depth characterization of 
this substrate was performed in a previous study by our laboratory, where good uniformity of the 
surface was established.[22]  First, filter paper discs 0.5 cm in diameter were soaked for 5 min in 
20mM solution of NaCl, which promotes AgNPs aggregation for SERS-active “hot spots.”24 
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Each disc was subsequently immersed in 100 μL of 20x concentrated suspensions of AgNPs for 
1 h for the final product.  The substrate will be referred to as AgPaper for the remainder of this 
article.   
5.2.4 Raman and SERS Analysis 
NR and SERS spectra were collected using a Renishaw In-via Raman system equipped 
with a 532 nm diode laser at 2.5 mW, 1200 lines/grating, and a Leica confocal microscope with a 
20x/0.4 NA objective. 10 μL of binary mixtures containing cocaine and fentanyl at different 
compositions were dropped onto newly made AgPaper. Substrates were dried for 30 minutes 
before spectral analysis. Each of the illustrated spectra represents an average of 10 baseline-
corrected 30 second acquisitions collected from different areas at the center of the substrate.  
Concentrations of 5, 10, 15, 20, 30 and 50% fentanyl in cocaine were chosen for SERS 
analysis of binary mixtures (fentanyl: total mass) of: 500ng:10 µg; 1 µg:10 µg; 1.5 µg:10 µg; 2 
µg:10 µg; 3 µg:10 µg; and 5 µg:10 µg). Each solution was prepared from stocks and 10 µL 
aliquots were then applied to AgPaper. Linear discriminant analysis (LDA)  for spectral 
separation and repeatability was carried out using R (data processing software) on the fingerprint 
region between 600-1800 cm-1 to reduce contributions from noise. 
5.3 Results and Discussion  
5.3.1 Individual SERS and Band Assignment  
 SERS spectra of each substance were obtained to examine which features are enhanced and 
readily identifiable and NR Spectra were investigated using the same parameters (Figures 2 a, b) 
for peak comparison and calculating enhancement factors (EF). For fentanyl, assignment of 
mono-substituted benzenes by Gardner and Wright[29] has proven quite valuable in vibrational 
spectroscopy and are included in conjunction with conventional Wilson[30] and Varsányi[31] 
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notations (Table 1). For cocaine, Gamot’s vibrational assignments [32], in addition to 
supplementary assignments collated by Penido et al.[33], were used alongside a benzene mode 
scheme similar to that of fentanyl (Table 2). Numbering for fentanyl normal modes has been 
adopted from previous work (Figure 1a) for the sake of uniformity.[13]  
 
There are a few peaks of note when comparing the normal Raman of cocaine and 
fentanyl to their respective SERS spectra. In the case of fentanyl, the C=O stretching mode at 
1649 cm-1 in the NR spectrum is shifted to 1621 cm-1 in the SERS and considerably broadened, 
which indicates the bonding mechanism to the AgNP surface through the terminal carbonyl. An 
out-of-plane C-H asymmetrical trigonal bending mode in B2 was selectively enhanced over that 
of the same mode in B1. In the case of cocaine, the peak at 884 cm
-1 in the SERS spectrum is a 
broadened and unresolved C-C ring stretching mode in pyrrole at 875 cm-1 and a C-C ring 
breathing mode in pyrrolidine. Another two peaks of interest are those of the C=O stretching 
modes at 1712 cm-1  and 1738 cm-1 in the NR spectrum are considerably broadened and 
Figure 2. SERS and normal Raman spectra of (a) 1mg/mL cocaine and (b) 1mg/mL fentanyl on AgPaper 
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unresolved as a peak at 1719 cm-1, and similarly to fentanyl, this indicates the bonding 
mechanism to the AgNP. Interestingly, the benzene mode at 1006 cm-1 in the NR spectrum is 
particularly enhanced in the SERS one at 999 cm-1, where the relative intensities between the 
benzene mode and C=O stretching ones are inversed. Comparing the SERS spectra of cocaine 
and fentanyl (Figure 2a), There are several similarities between the two, all attributed to benzene 
vibrations and a reduction in symmetry from D6h to C2v with substitution.
[13] The most glaring 
similarities are the C–C–C trigonal bends and C–C symmetric stretches at 1005 cm-1 and 1030 
cm-1 for fentanyl and 999 cm-1 and 1023 cm-1 for cocaine, respectively. More pertinent for 
detecting fentanyl in heroin are points of difference, three of which are easily discerned. The first 
is a C–C symmetric stretch at 1205 cm-1 (Figure 2b), a mode attributed to a phenyl-based bond 
found in fentanyl and not cocaine. The second and third are a C–C ring stretch in pyrrolidine at  
884 cm-1 and C=O stretch at 1719 cm-1 of the benzoate carbonyl in cocaine, respectively.  
Figure 3. SERS spectra of (a) 1mg/mL cocaine and 1mg/mL fentanyl on AgPaper and (b) inset showing the 
absence of a peak at 1205 cm-1 in cocaine. 
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5.3.2 Enhancement Factor Calculations 
EF is the ratio of SERS signal intensity per molecule (ISERS/ NSERS) divided by the normal 
Raman signal intensity per molecule (INR/NNR), which rearranged as: EF = (ISERS/INR) × 
(NNR/NSERS). NSERS is calculated by assuming monolayer coverage over the surface area of 
nanoparticles within the beam area. As there is undoubtedly less than complete surface coverage, 


















Figure 4. SERS spectra of binary mixtures of fentanyl and cocaine showing: (a) the 1620 cm-1 
(fentanyl) and 1718 cm-1 (cocaine) peaks with decreasing concentrations of fentanyl; (b) an inset 
showing the decline in intensity at 1205 cm-1 with decreasing concentrations of fentanyl; (c) an inset 
showing shifts in benzene modes for mixture spectra.  
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The most intense line in the spectrum was selected for this calculation, a C–C–C trigonal 
stretch in benzene located at 1005 cm-1 for fentanyl and 999 cm-1 for cocaine. The laser beam can 
be calculated as a Gaussian spot with the diameter of ω0 = (4 × λ)/(π × NA), where NA is the 
numerical aperture of the objective lens, for a spot radius of ≈1.70 µm and total area of 9.07 um2  
Fentanyl bonds to AgNP is via a carbonyl bond, which leaves it flat with respect to the surface.6 
The same can be inferred for cocaine as evident by the peak broadening of the #cm-1 carbonyl 
peak. The cross-sectional area of a molecule is calculated using its length (L) and width (W). For 
fentanyl, L= 1.8 nm and W= 0.42 nm for a cross-sectional area of ≈ 0.76 nm2 per molecule[13]; 
for cocaine, L =1.01 nm W= 0.990 nm for a cross-sectional area of ≈ 1.00 nm2 per molecule.[34] 
Using ImageJ software, the calculated surface area of nanoparticles embedded in the filter paper 
made up an estimated ≈ 23.4 % of the substrate surface area, and for monolayer coverage of 
AgNP, the number of molecules in NSERS would ≈ 23.4% of the total area; i.e. (
0.234 x 9.07 µm2
0.76 nm2 
) = 
2.79 × 106 molecules for fentanyl and (
0.234 x 9.07 µm2
1.00 nm2 
) = 2.12  × 106 molecules for cocaine. 
To find out the total amount of molecules for NNR, a laser penetration depth (d) of 0.1 µm was 
used. The volume of fentanyl 
taken up by the laser is πr2d = 
9.07 um2 × (0.1 µm) = 9.07 × 
10-10 cm3. Using the density 
(ρ) and molecular weight of 
fentanyl  (1.087 g/cm3 and  
336 g/mol, respectively) and 
cocaine (1.216 g/cm3 and 303 
g/mol, respectively), NNR = 3.4 × 10
14 molecules for fentanyl and NNR= 2.74 × 10
14 for cocaine. 





Finally, considering ISERS/INR = 116.6 for fentanyl and = 31.3 for cocaine, we can estimate a 
lower limit of enhancement of 1.42 × 107 for the former and 4.04 × 106 for the latter.  
5.3.3 Binary Mixture SERS  
SERS spectra of mixtures were plotted 
alongside single component spectra for comparison of 
enhanced peaks (Figure 4a). The spectrum of cocaine 
dominates the observed spectra, which can possibly 
be inferred from the higher enhancement per 
molecule seen in the EF calculation. The broadening 
of both the C=O peaks in the SERS spectrum 
indicates that there are two possible bonding sites, 
increasing the likelihood of cocaine being selectively 
enhanced. Nevertheless, in the mixture spectra, a  
stretching mode at 1205 cm-1 and the C=O stretch at 
1620 cm-1, both unique to fentanyl, are remarkably 
well detected even at low concentrations (Figure 4b). 
The lowest concentration of fentanyl detected in 
mixtures was 500 ng per 10  µg of fentanyl, which is 
5% (m/m) content. Both features provide means of 
identifying fentanyl in cocaine seized during law 
enforcement efforts, even if only qualitatively. In 
addition, some benzene-derivative peaks found in both 
compounds overlap when in mixtures.  
Figure 6: Plots of intensity versus 
concentration of fentanyl with linear 
fitting and error bars depicting standard 
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For example, the modes seen at 1005 cm-1 and 1030 cm-1 in fentanyl and 999 cm-1 and 
1023 cm-1 for cocaine become centered in between the original values, where the C–C–C 
trigonal bend is red shifted to 1001cm-1 and the C–C symmetric stretch is blue shifted 1026 cm-1 
(Figure 4c). While no peak broadening is found when measuring the area under the curves, the 
flattening of the peak at 1026 cm-1 can indicate an overlap of bands that is unresolvable by our 
instrumentation. This observation also extends to the C–C–C symmetric in phase bend in 
benzene seen at 622 cm-1 in fentanyl and 613 cm-1 in cocaine, where overlap of the two in 
mixtures shifts this mode to 617 cm-1 (Figure 4a). Due to selective enhancement of cocaine lines 
over those of fentanyl, it is possible to parse through  uniformity by separation based on unique 
differences among the overall spectra. In this case, the differences pertain to the relative 
intensities based on both concentration and competitive binding behavior.  When it comes 
repeatability and partitioning based on concentration, LDA of all SERS spectra shows good 
grouping of equal concentrations and effective separation of differing ones based on overall 
spectral features (Figure 5). Good grouping was also observed with heroin and fentanyl mixtures 
using the same method.[22] 
Fitting of the intensity of fentanyl at 1205 cm-1 versus concentration was remarkably 
linear, with an R2 value = 0.921 (Figure 6). While there are sizable standard deviations (SD) 
from the average, as seen by the error bars (Figure 6), SERS has been repeatedly shown to 
fluctuate more than traditional calibration methods and is dependent on the type of substrate, 
concentration, and solutions being.[25] Similar efforts for fitting the C=O stretch of fentanyl at 
1620 cm-1 proved less linear, possibly due to competitive binding behavior.[27] It is important to 
note that fentanyl binding to AgNPs occurs through that carbonyl  group, a moiety present in 
both cocaine and fentanyl, and at higher concentrations of fentanyl the peak is well-defined and 
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progresses into a shoulder as the concentration is reduced, until disappearing at 5%.  
In comparison, the benzoate carbonyl mode of cocaine at 1718 cm-1 grows in intensity 
before levelling off around 15% fentanyl, which indicates a degree of competitive binding 
between the it and fentanyl. Linear fitting of the 1718 cm-1 cocaine mode was also less 
successful, with an R2 value = 0.861 (Figure 6). Still, the decrease in the intensity of the cocaine 
1718 cm-1 carbonyl stretch with increasing fentanyl concentrations, in conjunction with peak 
broadening compared to its normal Raman spectrum, suggests a similar bonding mechanism and 
competitive behavior between the two compounds. In comparison, the C–C ring stretch in 
pyrrolidine of cocaine at  884 cm-1, a mode not as severely affected by the same competitive 
binding behavior as that at 1718 cm-1, exhibits far more linear regression with an R2 value = 
0.906 (Figure 6). This is akin to the  fentanyl stretching mode at 1205 cm-1, which showed more 
linear regression since it was not affected by binding to AgNPs.  
5.4 Conclusion 
In this work, we investigated the SERS spectra of binary mixtures of cocaine and 
fentanyl considering the current public health crisis. This research is of particular significance 
given the current trend of employing Raman  and SERS spectroscopy for detecting traces of the 
drug in nasal fluid,[35], saliva,[36–38] underneath nails,[39] and crystals embedded in fabric.[40] Small 
samples recovered during law enforcement work merit investigating SERS as an alternative to 
more costly and time consuming techniques. Additionally, these approaches have focused on 
single drug detection, where we extend our understanding of cocaine with more street-based 
context, especially with the proliferation of fentanyl as an adulterant.  
 While this work is primarily spectroscopic in nature, quantitative analysis of adulterated 
cocaine using principle component regression (PCR), principal component analysis (PCA), and 
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partial least squares (PLS) have been previously reported.[33,41,42]  However, it is important to 
mention that Raman spectroscopy differs from SERS in that the signal tends to be more variable 
and dependent on the type of substrate, concentration, bonding orientation, competitive binding, 
and solutions being used.[25,27] Therefore, such models might not be as robust when investigating 
SERS, and this was observed when attempting to employ PCR and PLS models over intensity-
based ones for the quantitation of fentanyl as an adulterant in heroin. [22] Additionally, all these 
works focused on the detection of low concentrations of cocaine “cut” with benign adulterants, 
such as sorbitol,[43] glucose,[41]  caffeine,[33] and benzocaine and lidocaine.[44] Our work is unique 
in that it investigates fentanyl as an adulterant, even if only qualitatively in this stage, especially 
in context of the numerous deaths that have resulted from the current public health crisis. 
Furthermore, our work examines the effects of competitive binding behavior observed in SERS, 
which continues to pose a challenge when related to structurally similar compounds.[27] 
While there is  significant resemblance between the two substances in terms of their 
normal Raman and SERS spectra, differentiation using discriminant bands could prove to be a 
crucial and cost-effective method for forensic analysis. In our previous work concerning fentanyl 
as an adulterant in heroin, lower concentrations as low as 0.1% (fentanyl mass: total mass) were 
obtained, but this benefited from considerable differences between their spectra, especially 
diagnostic peaks that also showed the highest enhancement.[22] As such, it is worth looking into 
further surface modifications of the current SERS substrate for preferential enhancement of the 
fentanyl signal when in combination with cocaine.  
This comprehensive spectroscopic look at experimentally observed modes also offers a 
novel path for developing future methods of detecting sub-microgram quantities of fentanyl, 
where SERS can act as a corroborating technique that validates results from mass-spectral or 
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chromatographic methods. This was demonstrated by using a single solid-based substrate for 
SERS followed by paper spray mass spectrometry,[45] which was detected at a concentration of 
1mg/mL as a direct proof of concept with no quantitative work, or by coupling HPLC methods 
with SERS for the detection of cocaine and other illicit substances post separation.[46] Most 
importantly, this analysis adds to the number of tools available for fighting this epidemic though 
law enforcement work with the growing availability of portable Raman models, which can 
reduce overall analysis time, compared and help unwind forensic sample backlogs that are vital 
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Normal Raman and SERS for Robust Analysis of Artist 
Pigments: Three Case Studies 
5.1 Introduction: 
Contemporary developments in analytical technology have led to heightened interest in 
the scientific examination of antiquities and fine arts, for reasons encompassing fundamental 
interest in materials and techniques used by the artist or assessing conservation needs by 
studying material degradation levels and processes. Through material detection, analytical data 
can support or even solidify an authentication of works of art. In conservation science, the most 
desirable analytical techniques are those that are non- or micro-destructive and/or can be used in-
situ.[1] 
 Raman spectroscopy has emerged as technique for pigment analysis because of the 
scattering power of organic, inorganic, and organometallic compounds. In addition, visible lasers 
can tap into the resonances of colored media and provide intense signals. Moreover, SERS has 
been employed for the analysis of particularly fugitive and hyper-fluorescent pigments  such 
crystal violet and rhodamine derivatives.[2] Attachment to Ag nanoparticles provides a non-
radiative pathway for relaxation from the excited state and effectively quenches fluorescence. 
Pre-treatment considerations using acids for the hydrolysis of fluorescent pigments have 
augmented their solubility in colloidal suspensions and further enhancing the Raman signal.[3] 
Raman and SERS spectroscopies has been already employed in the study of panel paintings, 
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glass, wall paintings, manuscripts, and historical biomaterials. [4] 
 Improvements in instrumental technology have led to the production of portable and 
powerful equipment, which is favorable since smaller museums lack access to expensive and 
stationary confocal set ups.[4] This has allowed pigment analyses to progress without cleaning or 
sampling by directing the laser beam directly at the object, which in the case of easel painting, 
can penetrate through the varnish using red or near red lasers. Works on paper also benefit from 
the low-power settings that do not impart damage onto the object.[5] Taken together, these 
qualities helped to alleviate many of the apprehensions concerning invasive object sampling and 
allowed for a robust understanding of artist pigments and dyes. In the following sections, an 
exploration of Raman and SERS in the museum setting are presented, with focus on research-
driven and routine pigment identification through non- and micro-invasive techniques.  
5.2 Museum Study Cases: 
5.2.1 Henri Matisse Jazz Series  
5.2.1.1 Introduction 
Jazz, the art book illustrated by Henri Matisse and published by Tériade in 1948, 
is considered a turning point in the life of the artist, when papiers découpés, or paper cut-
outs, took a life of their own as a new medium in his practice. The two collaborated on 
the first cover of Tériade’s new art magazine Verve in 1937, but publisher repeatedly 
pressed Matisse to create a livre d’artiste in a similar découpage style to the cover.[6] 
Matisse rebuffed the publisher’s pleas in various correspondence, citing both time 
constraints and current printing techniques that lack color fidelity.[7] After much 
consideration and a personal guarantee from Tériade concerning production costs and 
faithful reproduction, Matisse agreed to between eighteen and twenty color plates and 
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text by the artist, with the circus as a central theme.[8] 
Matisse returned to the use of paper maquettes (Fig 1.) as a compositional tool for 
the final product, such as in the murals he had painted for Alfred Barnes.[8] The first two 
maquettes for Le Clown and Le Toboggan were repurposed from his studies for Rouge et 
Noir, a production of the Ballet Russe de Monte Carlo. Specially made Arches paper[6] 
painted with Linel gouaches[9] was used for the cut-outs, and the composition of each 
plate was determined by pinning and arranging elements of the maquette with the aid of 
his assistant Lydia Delectorskaya. The books and portfolios were reproduced using the 
pochoir (stencil) method by E. Vairel, a renowned printmaker of the time, and published 
to much fanfare in 1947. While Matisse approved of the production technique and 
proofed all plates, he disliked the final form of Jazz, lamenting that “for someone who 
has not seen the originals it is the impression that is given by the book that is the main 
thing.” [7]  
Nevertheless, the process itself influenced his future work and the cutouts became 
an end to themselves rather than place holders. Today, Jazz is considered a prime 
example of mid-twentieth century French art and a prototype for many of the livres 
d’artiste that followed during that time.  
The maquettes are now part of the collection at the Musée National d'Art 
Moderne’s (MNAM), and a total of 250 books, 100 portofolio, and 20 non-circulated 
copies are in collections and repositories all over the world (Fig. 2).[6] Thus, a full 
understanding of the materials used in the creation of Jazz is important given its wide 
reach. The gouaches are of relevance, since Tériade promised that the colors used for the 
maquettes would be the same ones used in the printing process., It is vital that institutions 
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continue taking the necessary precautions when exhibiting and storing Jazz to ensure the 
integrity and vibrancy of these colors.  
  
Figure 1. Maquette (L) and pochoir (R) showing the transformation from cut-out to 
print using the same gouache paints. 
Figure 2: All 20 pochoir prints that comprise Jazz, in order of appearance. 
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Little is known about the composition of the Linel gouaches, but most gouaches 
are matte and opaque watercolor paints, and are primarily mixtures of gum arabic as a 
binder, pigments and white fillers that aid with color opacity.[10] Linel colors drew from 
the synthetic advances in the production of aniline and azo dyes and can be especially 
fugitive. There is also the possibility that the gouaches used in Jazz are unique, as Linel 
colorists worked closely with Matisse on the production of a special adhesive formula for 
printing purposes. In this section, we present a study on a selection of the pigments in 
Jazz, with portable Raman spectra obtained on a portfolio of 20 plates in the collection of 
the Museum of Modern Art’s (MoMA), and dispersive Raman and SERS on samples 
from a Jazz book in the MNAM study collection. Analyses using reflective and micro-
FTIR, in addition to XRF, were also done but are outside the scope of this thesis.  
5.2.1.2 Instrumental 
Colorimetric measurements in the range of 400-700 cm-1 were taken using an X-
rite eXact spectrophotometer equipped with a Gas filled tungsten lamp and UV LED. 
L*a*b and % reflectance values were collected over three spots of the same color on 
each plate of the MoMA portfolio. Spectrophotometry was used essentially to compare 
and group spectra.  
Portable Raman spectra were acquired using a Bruker BRAVO Handheld Raman 
spectrometer with 785 nm and 852 nm diode lasers (DuoLASERTM) and a resolution of 
10-12 cm-1. An average of 300 40 ms acquisition was taken of each site. 
μRaman spectra of samples from the MNAM study collection were collected 
using a Renishaw In-via Raman system equipped with a 785 nm diode laser and 1800 
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lines/cm grating, and a Leica confocal microscope with a 100x objective. Each of the 
illustrated spectra represent an average of 
five 10 second acquisitions. 
SERS spectra were collected on the 
violet and magenta samples from the 
MNAM study collection. Silver 
nanoparticles were synthesized using the 
Lee-Meisel method.[11] Two mL of a 
boiling 1% w solution sodium citrate 
(dihydrate) to A 1x10-3 AgNO3 boiling 
under agitation and left to simmer under reflux for approx. an hour. Colloids were 
concentrated 5 times over by centrifugation. Sample treatment using HF and HNO3 was 
used to ionize all dye components in the fluorescent samples.  
 5.2.1.3 Results and Discussion  
  
Blues  
A total of five distinct blues were identified using spectrophotometry, all of which 
are synthetic ultramarine based (sulfur containing sodium-aluminum-silicate). Blues 1, 3, 
4, 5 (Fig. 4) show only ultramarine in the Raman while blue 2 in plate 19 shows both 
ultramarine while Blue 2 (Fig. 5) shows ultramarine and titanium white (TiO2). 
Interestingly, dispersive Raman  picked up on the titanium white in comparison with 
portable Raman due to the range minimum of the Bruker BRAVO (~170) whereas the Eg 
mode of TiO2 at 145 cm
-1 was below the cutoff.[5] 
Greens 
Figure 3. Portable Raman (Buker 




 Green 1 and Green 2 contains PY3, (Hansa Yellow 10G), a monoazo arylamide 
synthetic organic pigment, and PG7, a polychlorinated copper phthalocyanine green, as 
well as barium white (BaSO4), which is commonly used an opaque filler in gouaches 
(Fig. 6).  These are often found together in yellower greens as well as and PG7 is easily 
confirmed by Raman but not by FTIR in the presence of PY3. The inverse is observed for 
PY3 that is more easily confirmed by micro and reflectance FTIR but not by Raman. 
However, using the Bruker BRAVO, which has two excitation wavelengths (785 nm + 
852 nm) that push the instrumental capabilities of detection further into the red, both PG7 
and PY3 are seen easily 
Green 3 and 4 has a bluer tonality and contains PG7, barium white, and synthetic 
ultramarine (Fig. 7). Dispersive Raman  picked up on the ultramarine in comparison with 
portable Raman due to the spot size of a confocal set up, which is smaller (1-2 µm) than 
that of the Bruker BRAVO beam radius (~1 mm). The ultramarine was found in small 
specks dispersed heterogeneously throughout the green sample and can be focused on 
microscopically.  
Reds 
 The analysis suggests that four different reds were used. Red 1,2 and 4 contain 
mainly PR3 (Toluidine Red), a monoazo beta naphthol toluidine synthetic organic 
pigment,  and PR49:2 (Calcium Lithol Red), a monoazo napthol-based pigment, with 
additional barium sulfate for Red 1 and 2. Red 1 can be further distinguished by the 
presence of an exceedingly small amount of vermilion. Red 3, on the other hand, appears 
to only contain PR49:2 and does not have the slight orange tonality that is probably 




A total of six different orange gouaches were identified, with organic and/or iron 
oxide based pigments. Orange 1 (Fig. 9) is the most vibrant and contains a mixture of 
PY5, (Hansa Yellow 10G), a monoazo arylamide synthetic organic pigment ,and PR4, 
(Permenant Red 4), a monoazo beta naphthol chlorinated para-nitroanilines synthetic 
organic pigemnt. Orange 2 and 3 (Fig. 10) are light orange and contain PY5 together with 
PY10, (Hansa Yellow R), a pyrazolone azo based synthetic organic pigment. Orange 4 
and 5 (Fig. 11) have a similar tonality and are ochre yellow, a natural iron oxide, with 
strong contribution in the Raman from quartz, in addition to barium white and chalk 
(CaCO3) in orange 4. Orange 6 (Fig. 12) has a more complex composition and contains 
PY5, PR4, gypsum (CaSO4), Mars Red, a synthetic iron oxide, and a second, unidentified 
iron oxide pigment.  
Violet 
` The violet was only used in plate P20, and the fluorescent pigments identified 
were Rhodamine 6G and methyl violet/crystal violet and only with SERS (Fig. 13). The 
violet required treatment with HNO3 for the hydrolysis of the Rhodamine 6G into the 
colloidal solution, and subsequent treatment with HF vapor revealed the presence of 
methyl/crystal. This reveals the shortcoming of portable instrumentation that cannot 
quench the relaxation emissions from fluorescent dyes and pigments.  
Magenta 
The same magenta was used in all the plates. The Raman and SERS analysis 
indicate the presence of PR169 and PV2, both rhodamines based and precipitated 
respectively with copper ferrocyanide (CF) and phosphorus and tungsten heteropolyacid 
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(PTM), respectively (Fig. 14). The presence of barium sulfate in the normal Raman also 
indicates its use as a lake base. No pretreatment was necessary for the hydrolysis of 
PR169. This again reveals the shortcoming of portable instrumentation that cannot 
quench the relaxation emissions from fluorescent dyes and pigments.  
The following are the accumulated spectra of the colors analyzed, with reference 
spectra from the University College of London[12], KIK-IRPA[13], and Forbes libraries.   






Figure 5. Blue 2 gouache Raman spectra showing ultramarine and titanium white (Anatase). 




Figure 8. Red gouache Raman spectra showing all the components of the red pigments, 
including PR49:2, PR4, and Vermilion 
 





Figure 9. Orange 1 gouache Raman spectra showing PY5 and PR4. 
 




Figure 12. Orange 6 gouache Raman spectra showing mars red, PY5, PR4, and an 
unidentified iron oxide pigment.  
Figure 11. Orange 4 and 5 gouache Raman spectra showing ochre, barium sulfate (possibly 




Figure 13. Violet gouache SERS spectra showing methyl/crystal violet and rhodamine 6G. 
Figure 14: Magenta gouache Raman and SERS spectra showing PV2 and PR169. 
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5.2.2 El Anatsui Bleeding Takari II  
5.2.2.1 introduction 
Bleeding Takari II (2007) is large-scale sculptural hanging by El Anatsui held in 
the collection of the Museum of Modern Art, New York (Figure 1). It is constructed of 
thousands of folded and perforated aluminum bottle tops recovered from used liquor 
bottles linked with copper wire. The large-scale work (376×557×78 cm) drapes and folds 












Living and working in the vibrant town of Nsukka, in the Enugu State of Nigeria, 
El Anatsui manages a studio practice that produces his large, variable hanging sculptures, 
and his compositions are made from bottle tops with logos of local liquor brands.[14] His 
material choice is contextual and culturally significant, carrying the histories of 
colonization, the rum and slave trade, and alcohol-fueled economic development of West 
Figure 16. Bleeding Takari II (2007) 
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Africa.[15] While critics have praised the material choice for its aesthetics and social 
implications, Anatsui has also made clear that the supply of pre-colored aluminum 
represents a low-cost  way of making art, and it frees his 
artwork from the economic limitation traditional art 
supplies can impose on the object.[14] 
Bleeding Takari II is composed entirely from 
plain and plain round composition blocks in silver, red, 
orange, and black. Additionally, 13 separate red plain 
round composition blocks are arranged on the ground 
below the piece. A survey of the red and yellow 
pigments used in manufacturing was done on detached 
bottle caps in a non-invasive manner, directly on the area 








Normal Raman spectra were collected using a Renishaw In-via Raman system 
equipped with a 785 nm diode laser, 1800 lines/cm grating, and a Leica confocal 
microscope with a 100x objective. Each Raman spectra illustrate 30 second acquisitions 
Figure 17: Details from 
Bleeding Takari II (2007): 
(A) shows the back of the 
liquor tabs, (B) shows the 
red liquor bottle tops, and 
(C) shows the yellow 
liquor bottle tabs. 
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collected directly on the object. with reference spectra from the University College of 
London[12], KIK-IRPA[13], and Forbes libraries. 


















Figure 18. Raman spectra of each of the unique pigments found in the red and yellow 
tabs, as well as the blue lithography on some of the caps.  
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Raman analysis of all 12 aluminum samples was performed. P1, P2, P5 and R1-
R4 are printed with a mixture of molybdate orange, a solid solution of lead chromate, 
lead molybdate, and lead sulfate,  and PR 48:2, a monoazo betaoxynaphtholic acid dye on 
a calcium base. Both have good covering power but moderate lightfastness and are 
extensively used industrially in printing inks, paints, and plastic.[16] P3 and P4 are printed 
with PR 170, a monoazo betaoxynaphtholic dye, a lighter fast dye than the other reds . R5 
and R6 are printed with a mixture of chrome yellow, a toxic yellow artist's pigment 
containing lead chromate sometimes mixed with lead sulfate and unknown pigments 
unique to each sample, which were not matched in the databases. Chrome yellow is used 
in industrial paints, some artist's paints and ceramic glazes, but has waned in popularity 
in countries with tighter production codes.[17] 
While outside of the scope of this thesis, X-ray fluorescence served as 
complementary technique to Raman spectroscopy, where the detection of Cr and Pb and 
Mo corresponded to the lead chromates and molybdates, chrome yellow and molybdate 
orange, in the red color. Notably, Raman is able to bypass industrial polymeric coatings 
for robust pigment ID.  
5.2.3 Jackson Pollock Number 1A 
5.2.3.1 Introduction  
Jackson Pollock created Number 1A, 1948 at a crucial junction during his career, 
transitioning from easel painting to flat painting that emphasizes the gestural nature of his 
process.[18] At this time, he also began incorporating the use of household enamel paints 
that he poured, dripped and splattered on large canvased places flat orthogonal to his 




Previously, Number 1A, 
1948  was analyzed using macro 
X-ray fluorescence (MA-XRF) 
mapping to understand the 
composition of the paints used 
by Pollock.[19] While 
characterization of the inorganic 
paint ingredients, namely 
pigments, fillers, driers and other 
additives can be done in a non-invasive way, the results are interpreted with a level of 
uncertainty, as the pigments present cannot be identified in a fingerprint-type analysis.  The 
interpretation of the spectra can be particularly complex for layered and mixed paints and the 
technique provides information on the elements present and not directly of the compounds. In 
this section, Raman spectroscopy is presented as a complementary to MA-XRF, which initially 
narrows the areas of search by introducing the elements present. The results are then discussed 
with respect to the elements detected by MA-XRF and in relation to the pigments only, excluding 
any possible fillers that are detected by MA-XRF. While Raman here was used invasively, it 
provides more detailed information than one would achieve with MA-XRF alone.  
5.2.3.2 Instrumental   
MA-XRF scanning was carried out with the M6 Jetstream from Bruker AXS. The 
instrument has a 30 W rhodium target microfocus X-ray tube with a maximum voltage of 
50 keV and a maximum current of 0.6 mA and a silicon drift detector (SDD) 
Figure 19. Jackson Pollock’s Number 1A (1948)  
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In-situ XRF spot analysis was carried out with a Bruker Tracer III-SDD handheld 
XRF instrument with a rhodium tube and a silicon drift detector (SDD). A helium purge 
was used to improve the sensitivity for low Z elements such as Mg, Al and Si which are 
not easily detected by MA-XRF. The instrument was operated at 40 kV and 3 μA; spectra 
were acquired for 120 sec. 
Normal Raman spectra were collected using a Renishaw In-via Raman system 
equipped with a 785 nm diode laser, 1800 lines/cm grating, a 1064 nm diode laser and 
840 lines/cm grating, and a Leica confocal microscope with a 100x objective. Each 
Raman spectra illustrate 30 second acquisitions collected on paint sample.  













Figure 20. White paint Raman Spectrum with barium sulfate and titanium white references.  
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The main elements present in the MA-XRF in the white paint are Ba, Ti and Zn, 
together with smaller amounts of P, S, Ca, Sr and Nb. While Ti is difficult to see with 
XRF in the presence of Ba, phonon signatures of BaSO4 were clearly present in the 
Raman (Fig. 20, Table 1). The high amount of Zn in the MA-XRF indicates the presence 
of a Zn white pigment (ZnO), however it possesses poor photon scattering power and is 
regularly masked by TiO2 when in mixtures together.[20] Nb is a known impurity that 













The main elements identified are Ti and Zn, and other elements are P, S, K, Cr, 
Mn, Fe, Co, Pb, Sr, Zr, Sb and Nb. The high intensity of Ti and Zn signals suggest it is a 
titanium white/zinc white based paint. In the Raman, only TiO2 is detected (Fig. 21, 
Table 2),[22] which suggests that barium sulfate was added to the white as a brighter to 
Figure 21. Cream paint Raman Spectrum with titanium white reference. 
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reduce the beige tint of anatase alone, which has a cream color. Sb2O3 can be found in 
titanium white paints manufactured in the United States in the 1940s and was added 
during the calcination step of the sulfate process to produce anatase.[21] 
Yellow and Red  
In the MA-XRF, the main elements in the yellow paint are S, Cd, Ba, Zn and Sr, 
with Se found exclusively in the red. This combination indicates indicate the presence of 
cadmopones, a co-precipitate of cadmium sulfide (CdS) in the yellow or and/or cadmium 
sulfo-selenide (CdS/Se)  barium sulfate and/ or zinc sulfide, or these components 
individually mixed into a paint.[23] These were introduced in the mid-1920’s for use in the 












Raman spectra for the yellow pigment revealed longitudinal optical (LO) phonon 
modes for CdS that confirm the presence of a cadmium-based pigment (Fig. 22, Table 3). 
Figure 22. Yellow paint Raman Spectrum showing cadmium pigment and baryte peaks   
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A 2 LO overtone at 602 cm-1 also confirms the presence of a cadmium pigment.[12] 
However, a mode at 215 cm-1 raises the possibility of a Cd1-Znx-S pigment, which has 
more of a green tint, because this peak represents a structural disorder inherent to the 
crystal lattice[23]. A 342 cm-1 LO  phonon mode of ZnS is absent, might further indicate 
that this pigment is a Cd1-Znx-S rather than one with lithopone, a solid solution of BaSO4 
and ZnS. However, such disorder can be indicative of ZnS in lithopones, which 
complicates interpretation.  Other modes for BaSO4 are clearly seen in the spectrum and 













In the case of the red, Raman clearly detected a cadmium red pigment, where a 
LO mode of CdSe at 238 cm-1 and blue-shifted LO mode of CdS at 295 cm-1 indicate the 
presence of a CdS/Se co-crystal.[24] Barytes were also seen, but no peaks for ZnS were 




seen, again raising some uncertainty about the composition of the paint as a pre-prepared 
cadmopone or a heterogenous mixture. CdS/Se is the only pigment that required analysis 
using the 1064 nm diode laser, as it emits strongly in the visible and saturates the 
detector.  












The major element identified in the spectrum is W, with P, S, K, Ca, Ba, Fe, Zr 
and Mo also present. A significant amount of Al was identified as well by handheld XRF. 
The presence of P, W and Mo suggest the presence of a dye salt with a complex anion 
derived from the phospho-tungsto-molybdic acid (PTM). The normal Raman spectrum 
over darker areas characteristic of the aging of rhodamine-based pigments show only 
fluorescence that required SERS.[2] 




More red-orange areas revealed PR 83:1 (Alizarin), a synthetic anthraquinone 
lake that is  that is precipitated on an alum base, the source of Al in the handheld XRF 
(Fig. 24, Table 5).[13] This again shows the complementarity of Raman to XRF where 
synthetic organics are mostly composed of low-Z elements (C, O) and undetectable by 














Based on the XRF spectrum, the major element present is Ca suggesting the 
pigment is an organic one, as Ca can be a sign of a paint filler, or a substrate or cation for 
the organic pigment.. Other elements present in small amounts are P, S, Fe and Sr. 
Raman revealed that the spectrum is that pigment is again PR 83, but it was not clear 
whether it is present as a pigment or lake.[13] 





The signature spectrum indicates the presence Ba and Mn as main elements, as 
well as S, K, Ca, Co, Pb and Sr. Al was identified as well by handheld XRF. The 
presence of Ba and Mn suggest the presence of manganese blue, PB 33 
(BaMnO4.BaSO4), a co-crystaline pigment that was produced between the 1940’s and 
1990’s in the united states.[19] The raman confirms this finding, but the peaks have yet to 
be investigated and only those belonging to SO4
- can be firmy assigned. Interestinly, the 
spectrum was  obtained with an excitatoin by a 785 nm diode-laser, which induces 
saturating relaxing flouresence in pure PB 33, the reference spectrum of which was 
obtained with a 532 nm diode-laser. One possiblity for the quenching are the long chain 
oil networks in the paint that have the possibility of absorbing any emmitted flouresence 



























The glossy black shows signatures of Mn, Fe, Co, Zn and Pb, and minor elements 
are S, Ca, Ba/Ti, Sr and Zr. XRF spot analysis identifies also the presence of Al and Si. 
The presence of the metallic elements suggests the presence of a mixed metal oxide 
pigment[16], and  Ba, Ti, Sr and Zn can sources of filler and/or related to the presence of 
the cream paint in areas the glossy black was applied wet on wet. While XRF cannot 
detect carbon, Raman shows D and G bands associated with carbonaceous materials (Fig. 
27a). However, shifts in these peaks are large and dependant on the crystaline sturcture of 
carbon in the paint and as such can be somwhat unreliable.[25] 
The matte black shows sigantuers of P and Ca as well as smaller amounts of S, K, 
Ba, Mn, Fe, Zn, Sr and possibly Zr. The presence of Ca and P confirms the presence of 
bone black (contains usually about 15–20 % carbon, 60 % calcium phosphate, 20 % 
calcium sulfate and impurities).[21] Raman shows D and G bands associated with 




carbonaceous materials (Fig. 27b), and again, shifts in these bands can be somwhat 
unreliable for pinpointing the exact carbon-based black.[25] 
5.3 Conclusion 
These case studies show the potential of Raman and SERS spectroscopy to act as an 
adaptable technique for the examination of art objects. Using mobile Raman instrumentation 
makes it possible to investigate artworks without the need for excessive or harsh sampling, and 
dispersive confocal Raman limits the sampling size to the microscopic. These studies evaluated 
the use of a Raman Dispersive and spectrometer for the pigment analysis of a wide range of 
museum objects, that is sculptural, canvas-based, and paper-based. This study also draws 
attention to some analytical challenges that take place when analytically evaluating museum 
objects, such as fluorescing organic pigments, which can be resolved with SERS. Raman 
spectroscopy already has a slew of documented applications in conservation science, and recent 
interest amongst those in the field is likely to generate a greater number of museums who will 
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